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POLYCRYSTAL PLASTICITY AS APPLIED TO THE PROBLEM OF IN-PLANE ANISOTROPY IN

ROLLED CUBIC METALS

A. D, ROLLETT, M. G. STOUT AND U. F. KOCKS

Mail SLOpK765, Los Alamos National I.Aroratov, NM 87545, USA

ABSTRACT

A fundamental property of cubic metals is rhal slip occurs on closc+ackcd plarm in close-packed directions,
which for the f,c.c, case results in 12 ( 111)C I I(b slip sysc.ems, This crysudlographic restriction on ~c plm[ic
behavior causes significant crysudlographic prcfwrcd orienuwion (16xmrc), hence anisotropy, to develop once u
Iargc suain has bcemimpostd. Mcnwvcr, wlwcas anncding can gcnorall y “rcscl” the flow stms and duclil ily, il
does not generally randomize the lcxn,n’c: ticrcforc most Inerallic materials have some degree of tcxmrc and
consqucnt anisou’opy, The problcm of earing in deep drawing w kc simply related to tic variation of r.vnluc
with angle from lhc rolling dircclion, i.e. [he in.plane anisouopy of tic shca. The r-value can bc calcuhucd
from a given tcxmre witi tic use of a polycrysud plasticity model. The Los Alamos polycrysml plusticily
(LApp) code is based on the Bishop.Hill single crystal yield surface (SCYS) but wir.h a mildly swain-rutc
scnsilive modification where the wrcss cxponcnl is of order 30, l%is modification of tic SCYS removes [hc
umbiguity of slip sysx.cmselection inhcrcm in tic Bishop. HN formulation and pcrmils other phcnomcmr m I-w
lrcalcd such as Iatcm hankiling and pencil glide, The use of LApp 10simulalc lcxmrc formahon ond consqucnl

I anisowopy is dcscribcd, Expcrimcnral mxmrcs in tic form of X.ray pole Ilgurcs arc analyzed wilh n Williums.
lmhof.MaUhics.Vinci (WIMV) code, as implcmcntcd by Kallcna, 10give full oricnlmion disrrihu[iorrs (OD’S),
The OD obuincd his way comains appoximal.cly 5MMI points on a 5“ by 5“ by 5° lamcc; [his is used m ussign
wcigh~ to approximately IO(X) discrclc oncntat.ions for calculations witi LApp. The rcsulL~ of cxpcrlmcnud
mcasurcmcms of Icxturcs mid r.values in copper rolled 10a rcduclion of 83% arc comprm.1 wilh the simulnuon
results of I.trcpolycryslal plasticity model for this cast
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INTRODUCTION

The lhcmc of his paper is [hc qutintitmivc prcdiciion O( matcriul hchaviiw uml cspccitilly thu[ O( in-plmw
unisowopy n[ met.al in shccl form, This k not n ncw topic buI, whcrcus much previous work (c,N, dII ( ‘tm
Viuna rI u1,, 197111)h~! cmwcrura[cd on tic hchtwior of unncalcd malcriul, lhc rtxul[s prcscnwd here I(KUS (m IIIC

usmdlcd condition, This wm motivmcd by [hc need 10model unisotropy in tic dchtncd sum in lw~tdtms SUCII
us mclal forming, Experiments arc dc.scrild in which the f,ct, Inctd copper wus rolkxl 10 u slruin 012, III(I
ltxum musutd, ml the in.plunc unisolropy mcmurcd by means 0[ shccl Icnsilc Icsls. Ilc rcsulls un’ cxprcsscd
in Ihc form O( [hc vurimion of r-vuluc witi dircclion. Tensile ICSISon us.rolld I’,c’.c, mcruls um ~~onlplk’iild hy
~hcsmull slrain.tmfuilurc Ihtil cun be uchicvd (41.2%J which ncccs$ilulc$ (hc U,U’01 slrmll II,UUNL*S.‘l.ll(l lL’X[llli’
d UIC rolled copper was dc[ciminwl by wking three X.rtiy poic I’igurcs, ( 1I 1], (2001 uml 1220], und CtilCIIlUIIIIN
IIIC Ihrcc-(lin}cnsi(lllnl orkrmkm distrilmion (0~) witi Ihc WIMV mthod, us IIIIIJICIIIILIIIIL’(1l~y Kullrnd, ‘IINI



OD is then used to weight a set of discrctc oricntatims, distributed throughout orientation space, and this set is
used with the Los Alarnos polycrysral plasticity (LApp) code to simtdatc the anisouopy ot’ the material. The
rpxa[ion of L App is summarized and lastly comparisons of simulation with experiment arc made.

EXPERIMENTS

The copper used in this work was an oxygen-frm electrical grade copper (C 10200 grade) which WASpurcha.scd in
the form of 25 mm rolled plate. This copper was rolled to 83% reduction which is equivalent to a von M iscs
strain of 2. Sheet tensile .wnpics were machined oul at 110 imcrvals to the rolling di.rcction with dimensions 1.6
mm thick, 6 mm wide and a gauge Icngth of 50 mm. Care was mkcn to avoid near-surface shear lcx.tures by
machining out 1,6 mm thick samples from the 6 mm thick rolled plate, Additionally, the texture was measured
from the outer surface of one of the tensile samples and it was verified that the texture was the same as at the
ccntcr of the sheet. Two pairs of strain gauges were applied, one at the center and one near the end of the gauge
section. 71~eresults showed that ‘he two locations behaved very similarly. Cne gauge in each pair was parallel
to the tcnslle tiis to measure the tensile strain and one was perpendicular to it to measure the width srrain. The
loads and strain gauge displacements were recorded as a function of time in addition to the customary loatl-
displacement history. Yield stresses were obtained as 0.2% offset stresses and r-values (ratio of width m
thickness plastic suain incrcmcnts) were obtained in the plastic region. The results arc prcscntcd with t,hc
simulation results below.

TEXTLJRE MEASUREMENTS

Samples for texture measurement were cut from rhe rolled sheet so as to cxprw the central plane and were ground
wtd polished following standard rnetallographic procedures. X-ray pole figures for the ( 11I ), ( 2(M) and (220 )
rdlcaions were measured in a back-reflection goniometer on samples of mmerial approxirnatel y 10 mm square.
The pole figure data were corrected cmpkkally for dcfocussing (dropoff in measured intensity beyond a tilt of
about 60”), normalized and rotated m maximize the odtotropic sample symmetry expected in rolling. The da!a
were then analyzed with a WIMV algorithm to obtain a discrete three-dimensional (3D) orientation distribution
(OD), For simulation of anisotropy, a set of 1152 orientations was weighted according to the intensity of the
experimentally determined OD at each discrete orientation. The orientations are arranged on a lattice in the 3-D
orientation space at approxtrnatcly 7.5° inlcrvals. By taking advantage of cubic crystal symmetry and a diad axis
on the sample Z-axis, the number of oncrwarions is rcduccd to the 1I 52 used here, Lower crystal symmc[rics
such M hexagonal, would require more orientations, I%c texture obtrdncd k illustrated in Fig. 1 in the form of u
(liscrctc ( I I 1) pole figure in which txch (11 I ) pole of the discrete orientations used for subsequent simuliuion
has been plotted with a symbol whose size corresponds to the square root of the weight assigned 10 lhiu
oricnta[ion, The pole figure shows that the texture is the standard f,c.c, rolling tcxlurc, domimttcd by :hc
“copper” comportcnt it~ 1112]< I I 1>, Note thitt the pole figure is in cffccl a rccidculatcd pole figure so the
in formittion tit the edge of the pole figure is correct, unlike the cxpcrimcntal pole fipurc which has m)
reformation at the edge,
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POLYCRYSTAL PLASTICITY MODEL, LAPP

The basis of LApp is rhe Taylor model of polycrystal deformation in which it is assumed that [hc deformation O(
each grain is identical to that of the polycrystid. This prcfcrcnce of compatibility over stress equilibrium has
been vcnficd by comparison of Taylor-based simulations wirh experimental textures (Kallcnd & Davies, 1972).
When Iargc strains are applied and the grain shape has a large aspect ratio, however, it is sometimes appropriate
to deviate from the Taylor model: this deviation is known as Relaxed Constraints (RC) which was originally
introduced (Honneff % Mecking, 1978) to account for certain features of f.c.c. rolling textures. In LApp, rhe RC
modci means that a stress boundary condition is applied to r.hetwo shear components in uniaxial or plane-strain
compression on the rolling plarm; the strain in those two components is then determined by the crystal
orientation. The basis of the RC model is that when the grail! shape reaches a large aspect mtio at large plastlc
strains, stress equilibrium becomes a more reasonable model than strain compatibility (Kocks & Canova, 1981).
For the limiting case of a rale-insensitive material, as discussed by Bishop& Hill (1951), there is a finite set o!
discrete stress states that will satisfy an arbitrzuy strain increment applied to a single crystal (grain) in an tibitrary
orientation. These discrete stress states arc vertices in the single crystal yield surface. Although this leads to a
computationally efficient method, there lacks a unique solution for the shear rates on the 12 (11 1)==11(Iz slip
systems of an f.c.c, crystal because the vertices activate either 6 or 8 slip systems simultaneously. ‘rhcrcfore wc
make the physically realistic assumption (Koeks e( al., 1975) that the relationship between resolved shear srrcss,
T, and shear rate, y, on an individual slip system is rote-sensitive:

Y= ()-3-”, n.so
Y(-I ‘0

(1)

where ‘/0 and TO are a pair of rcfcrcncc values. The exponent is chosen to be high enough that the lcxiurc
evolution corresponds to that of actual, nearly rate-insensitive materials but is as low as possible for
computational convenience. This constitutive relation Icads to a set of five indcpcndcnt non-linear quations,

Dlj = ~o m~j
(m!?+ (2)

where D is the applied (polycrystal) s~ain rate, a is the applied stress on the single crystal, ms is the Scllmid
factor matrix for the slip systcm s and w M a refcrcncc strain rate, The orientation of the grain is accounted for
tIy rowing each slip system into the frame used to describe the grain shape, This set of equations is reduced t’rom
a nominal nine to five by applying Lcqucu’s normalimtiori to the stress and strain and the cquttlions arc solved
iteratively by Newton’s method. When RC model applies, only three componcrms of the strain must be sutist’icd
so the number of cqwu.ions is reduced to three, The method of determining the volume fraction of groins
(orientations) that w dcfonning in RC is bwcd on that described by Ticm ct al, (1986); for lhcsc cakuhrtions,
each gruin is either deforming under the Taylor assumption (five suain components 10 be sutisficd) or Iwo
components are relaxed (three strain components to bc satisfied). Once a solution for the stress and distributiorr
of shear rates has been nbtaincd fc’ each grain, avcmges arc taken to obtain the properties of the polycrystai.

Whmr a tensile test is modeled, it is ncccssary to apply stress boundary conditions to the polycrystal sirwc sornc
componcn~$ of the strain are dctcrmincd by the uni.sotropic properties - ihe texture . of the mutcrinl, This is nw iI
struightforw~d proccdurc with the Tuylor model because of the assumption that the microscopic strain IS
idcn[id 10 the macroscopic strum, ‘llrcreforc an initial guess of wr oxitdly symmetric tension is used for IIw
strain but thwse umin components that cxmcsImnd h) componcnth of the uvcmgc stress thut do not meet the
boundary conditions, which for u tensile test arc zcri) wrcss in uII directions cxccpt the tensile uxis, ~rc ulkrcd
itcnmvcly untd the sucss boumhiry conditions on the polycrystd arc .smisfictl (Rollctt et al,, IWM). The critcrum
is thut the difference bawccn the expected value of u xtrcss component and the tivcmgc vtiluc over the polycry$liri
must be Icss than small fraction, say 0,2, of the mcun dcviution in thul mnporrcnt, The r.vuluc can ihcn IN
calculated from lhc find wduc of the strain,

The snudl plustic stmins obtained in the cxpcrmwnts were of the ,sumcorder M the totul clastit stroins, [n IIIIS
~it\c the “I”tiylor model N not cxpcctcd to apply (Nudiunski m! Wu, 1962), To investigotc the other cxtr(*nw, i)
modifwulion O( LApp WIN rnudc to sunuhuc the soadlcd “Sachs” model in which u uniform stress is uppl Iud I()
cwh gruin, the muxm]um resolved \hcar stress is used to .sekwtu single uctivc slip systcm und Ihc smun rcsl~msc
O( ~hcpolyuryWtl is then ukcn 10he the tivcmgc over Ihc polurysud, “(lmtiwm stress” in this modul tl)~iit]sIhiil
the (hrcctmn 01 the strew is held constam (us Mtensdc stress) but the mugnitudc of the strcsf WUICSI’rom griiitt I()
gruin, The struin rcspon.seof each crysud is normtilised such thul Mc imposed Icnsilc smut] is Sutistied, that N, iI
single component d’ the smin is sutisficd, Figurt 2 shows the rl:sults ot)tuincd by simululmg kwwh’ ksts (m Ilk’



tcxmc shown in Fig. 1, using bolh LIWsundard RC malcl and tic “Sachs”model described above. Ala rolling
main of 2, k volume f=ti of groins defoiming in RC is 0.64.

simulation

o: 8 1 t

o 30 60 90
Angle from Rolling Dirczuon

Fig. 2. Pkn of W vtidon of r-value with angk bum lb rolling direction for rolled coppr, for
M cxpcrimcrwal(so4idsymbol) and simubd (qmn symtml) rcsuhs.

DISCUSSION

The LApp results show hat the misotropy calculated from IJWIcxturc of rolkd coppor is such thal here is a
pronounced peak in ho r-value al 4S0 10 he rolling direction. This agrws witi previous rcsuks for simuhuod
rolling lcxmros (RoUea ●l af., 19S6).‘l%ooxpcrinwnml r-values, howovef, arc all leas M unity and show only
a gmduai rise in r-value as Ihc lost Liroction dcvialos from ho rolling direction. This oxpcnmcnud result is in
disagroc.mm with IIM rods of }Iirsch (1978) who mwsurd r-vlauss al Co,45” and W and found a peak u 45”.
There is Mcr agmcmcmlwith the mulls of Stephens (1968) who moasurodr-values in rolled pure coppr every
I@and obincd wI* all less dun unilj, Tk diffcrcmc k- our cxpaimontal and LA~ mulls arc awribcd
LOAe fact h the moasurcdpiamic stins aro of lhc order of the elastic slrains for the reasonsdiscussedabc.
The rcsuhs of IJM S=hs calcuhuir.mshow an improvomcm in b fit in dim w r-values fit well al small nnglcs
and phucau at high anglc~, previous work on tiis topic has found good agrcemcm Mwecn anisounpics
calcuhod wi~ h Taylor model (RoIIGu 61al,, 19M) and caring behavior in deep drawing, Deep drawing tcsIs
invoivc Inrgcplastic strains, however, and here M Taylor mmlol doss apply.
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